We quantitated hemorrhage associated with reperfusion after varying periods of myocardial ischemia and examined the flow characteristics that accompany reperfusion hemorrhage. Anesthetized dogs were reperfused after 2, 6 or 24 hours of circumflex occlusion. A control group underwent coronary occlusion without reperfusion. Radioactive microspheres were injected before and 5 minutes and 24 hours after reperfusion. The papillary muscles were analyzed for hemoglobin content, flow during myocardial ischemia and flow early and 24 hours after reperfusion. Myocardial creatine kinase activity was assayed to determine the severity of myocardial necrosis in the papillary muscles.
REPERFUSION of the acutely ischemic myocardium might appear to be an easy way of reversing myocardial ischemia and limiting the eventual extent of myocardial infarction. Reperfusion after brief periods of myocardial ischemia does prevent the development of infarction, and reperfusion after 3 hours of myocardial ischemia may limit the eventual infarct size.'4 The benefits of reperfusion, however, are controversial.
Some studies have demonstrated an exacerbation of ventricular arrhythmias, accelerated morphologic changes of ischemia and worsening metabolic function.5-10 The deleterious effects of reperfusion are often associated with myocardial hemorrhage.45' 7 9 This supposedly occurs because of irreversible damage to the microcirculation and the extravasation of blood on reperfusion. Hemorrhage on reperfusion has also been described in man, particularly after long periods of intraoperative myocardial ischemia. Coronary artery bypass surgery in the setting of acute myocardial infarction is being performed more and more frequently and streptokinase-induced reperfusion is receiving widespread acceptance."-14 Thus, reperfusion in the setting of myocardial infarction is a clinical reality and broader knowledge is required about the phenomenon of hemorrhage upon reperfusion.
Accordingly, we examined the phenomenon of myocardial hemorrhage upon reperfusion of the acutely ischemic myocardium. We studied the frequency of hemorrhage upon reperfusion after varying times of occlusion and also attempted to relate the hemorrhage to the severity of myocardial ischemia, the degree of myocardial necrosis and the amount of early reflow.
Materials and Methods

Experimental Preparation
Sixty-one mongrel dogs of either sex that weighed 15-30 kg were used for this study. Each dog was anesthetized with sodium pentobarbital, 25 mg/kg, intubated, ventilated with a Harvard respirator and maintained with 0.25% halothane. An arterial line was placed in the left femoral artery to measure arterial pressure and for withdrawal of a reference blood sample during radioactive microsphere injection. A thermodilution Swan-Ganz cardiac output catheter was directed from a femoral vein to the pulmonary artery. The heart was exposed by a left thoracotomy and suspended in a pericardial cradle. A plastic catheter was introduced into the left atrium through the left atrial appendage and sutured in position for the injection of labeled microspheres. The left circumflex coronary artery was exposed near its origin and a suture was placed around it 3-5 cm from the origin but proximal to the first marginal branch. Temporary ligations of the circumflex coronary artery were performed for 5 minutes to define the area of involved ischemia. In the early phase of this study, four dogs had permanent occlusion of large epicardial collateral vessels that supplied the area of ischemia.
All dogs were pretreated with lidocaine, 100 mg i.v., followed by a 2-hour drip infusion, 1-2 mg/min. A noose was formed out of a separate suture and incorporated in the ligature around the circumflex coronary artery so that pulling on the noose would release the circumflex tie. The noose was taken through the thora-cotomy and buried in the subcutaneous tissue so that it could be exposed at a later time. After circumflex occlusion the chest was closed and the dog was allowed to recover. At reperfusion, the release suture was freed from the subcutaneous tissue, and by gentle traction, the occlusive suture was released.
Experimental Groups
The dogs were assigned to one of four experimental groups (table 1) . The control group underwent circumflex coronary occlusion without reperfusion and were sacrificed 24 hours later. Three other groups of dogs underwent temporary left circumflex coronary artery occlusion followed by 24 hours of reperfusion. These groups underwent 2, 6 or 24 hours of coronary occlusion before reperfusion.
Regional Distribution of Blood Flow
Blood flow was assessed with 10-15-a, labeled microspheres. Approximately 4.0 x 106 radioactive microspheres were injected into the left atrium 10-15 minutes after occlusion in all groups to quantitate collateral flow to the ischemic bed. Differently labeled microspheres were injected 5 minutes after release of the occlusion in the reperfusion groups to assess the adequacy of early reflow. Six dogs in the 2-hour group, five in the 6-hour group and five in the 24-hour group received a third microsphere injection just before sacrifice to assess reflow 24 hours after release of the coronary occlusion. An arterial reference sample was collected from the femoral artery at 10 ml/min beginning 15 seconds before and continuing for 2 minutes after microsphere injection to quantitate regional myocardial blood flow. Cardiac output, heart rate and arterial pressures were recorded during the control period, before reperfusion, 5-10 minutes after reperfusion and just before sacrifice.
Postmortem Studies
The heart was removed and the circumflex coronary carefully dissected to ensure that the ligature had been released at the time of reperfusion. The heart was opened so that the papillary muscles and the gross myocardial infarct could be easily seen. The anterior and posterior papillary muscles were removed, blotted, weighed, placed immediately in plastic counting tubes and frozen in liquid nitrogen. The anterior papillary muscle served as a control, nonoccluded area of myocardium. The segments were then counted in a cooled autogamma spectrometer at appropriate settings to measure the microsphere used to assess collateral flow, early reflow and reflow after 24 hours of reperfusion. After counting, the pieces were placed in 5 ml of cold buffer containing 0.5 M TRIS, 0.001 M EDTA and 0.001 M beta mercaptoethanol (pH 7.4). The pieces were minced in a Vertis blender at medium speeds. The tissue was thoroughly homogenized, diluted and assayed for CK activity according to the technique described by Rosalki.15 The final activity was expressed as IU/g of myocardium. The homogenate was also analyzed for hemoglobin content using a spectrophotometric method and expressed as mg/g of wet weight.'6 Thus, the papillary muscles were analyzed for flow during the time of myocardial ischemia, flow 5 minutes after coronary reperfusion, flow 24 hours after coronary reperfusion, myocardial CK content and hemoglobin content.
The remainder of the left ventricle was isolated and cut into transverse rings, each 5-7 mm thick. The slices were examined for gross myocardial infarction and enclosed hemorrhage.
The data are expressed as mean + SEM. Statistical comparisons between groups were made by t test.
Results
Thirty-eight of the 61 dogs that entered the study (62%) survived the experiment (table 1). Nine dogs died of ventricular fibrillation within 30 minutes after coronary occlusion. Fourteen other dogs died before completing the protocol, probably because of ventricular fibrillation; only two of them died while being monitored, shortly after reperfusion, and both were in the 6-hour group. Seven dogs did not sustain an infarction and did not have severe ischemia after occlusion (subendocardial flow more than 20 ml/min/100 g and more than 20% of simultaneous nonischemic flows). They are considered atypical of the general population and were excluded. This report is based on 31 dogs.
Hemodynamics
The baseline values for arterial blood gasses and hematocrit were normal in all four groups. The heart rate, mean arterial blood pressure and cardiac output for the four groups are recorded in table 2. There were no hemodynamic differences between groups before occlusion. tDeath between 30 minutes after occlusion and completion of the protocol. tGross myocardial infarction and hemorrhage were assessed visually.
Abbreviations: VF = ventricular fibrillation; MI = myocardial infarction. Acute occlusion of the circumflex coronary in the open-chest dog produces a large area of myocardial ischemia but causes very little change in heart rate and only a mild drop in blood pressure. There were no significant hemodynamic differences between the groups after occlusion or at 24 hours in the reperfusion groups. Twenty-four hours after reperfusion, all dogs had a significant drop in mean blood pressure and an increase in pulse rate.
Gross Features of Ischemic Injury and Hemorrhage
Ten dogs with permanent coronary occlusion served as controls. Seven of these dogs had evidence of gross myocardial infarction at the time of sacrifice (table 1) . None of these seven dogs had grossly visible evidence of myocardial hemorrhage. Infarcts in this group were almost transmural, but at the level of the posterior papillary muscle there was always a 3-4-mm area of epicardial sparing. Six of the eight dogs reperfused 2 hours after coronary occlusion had gross evidence of myocardial infarction and three had grossly visible myocardial hemorrhage. Hemorrhage in this group was patchy and limited to the tip of the posterior papillary muscle. Of the 10 dogs reperfused after 6 hours, nine had gross evidence of infarction and six had visible hemorrhage, which was more homogeneous than in the group reperfused after 2 hours and extended into the wall of the left ventricle at the base of the posterior papillary muscle. Most of the infarcts in this group extended at least two-thirds of the way through the transmural thickness, and hemorrhage was in every instance within the boundaries of necrotic myocardium. Nine out of 10 dogs reperfused after 24 hours of occlusion showed infarction and all nine had homogeneous hemorrhage into the posterior papillary muscle. This hemorrhage extended into the surrounding myocardium.
Measurement of Myocardial Hemoglobin
Anterior papillary muscles served as control, noninfarcted myocardium and the hemoglobin content averaged 8.7 + 0.4 mg/g for the whole group. There was no statistical difference in the anterior papillary muscle hemoglobin content between the four groups (p > 0.05) ( fig. 1 ). There was no difference between anteri- or and posterior papillary muscle hemoglobin content in the control group with occlusion and no reperfusion. Three dogs in the 2-hour group had spotty hemorrhage, and the overall hemoglobin content in the posterior papillary muscle was significantly greater than that in the control group. In the 6-hour group, posterior papillary hemoglobin averaged 28 + 5 mg/g and was also significantly greater than that in the control group (p < 0.05). The group reperfused after 24 hours of occlusion showed the highest levels of myocardial hemoglobin content. The posterior papillary muscle hemoglobin averaged 36 + 5 mg/g, but there was no statistical difference in posterior papillary hemoglobin between the group reperfused after 6 hours and that reperfused after 24 hours.
Collateral Flow and Its Relationship to Subsequent Myocardial Hemorrhage
There was marked reduction in flow to the posterior papillary muscle in all groups, confirming the presence of severe myocardial ischemia during occlusion. Posterior papillary muscle flows during occlusion were below 20 ml/100 g/min in all groups (fig. 2 ). Hemorrhagic posterior papillary muscles demonstrated severely compromised flow during the occlusion and before reperfusion.
Association Between Myocardial Necrosis and Hemorrhage
Myocardial CK content was markedly depressed in all posterior papillary muscles. When the posterior papillary muscle CK was expressed as a percentage of its own anterior papillary muscle, all groups had a CK content less than 30% of normal ( fig. 3 ). There was a stepwise decrease in myocardial CK content between groups; the highest CK contents were in the control group and in the group reperfused after 2 hours of coronary occlusion. The most severe depression was found in the dogs reperfused after 24 hours of coronary occlusion, and averaged 6.4 + 0.7% of the matched anterior papillary muscle. Although all posterior papillary muscles demonstrated a marked decrease in myocardial CK content, depression seemed to be related to the duration of occlusion plus the presence of reperfusion.
Quantification of Early Reflow
There was no statistical difference in the amount of early posterior papillary reflow between the 2-hour and 6-hour groups. Figure 4 illustrates the early reflow of the anterior and corresponding posterior papillary muscles of each group. Although there was no statistical difference in early reflow between the groups reperfused at 2 hours and 6 hours, after 24 hours of occlusion there was a marked decrease in posterior papillary muscle early reflow, to 5.8 + 2.2 ml/min/100 g. This decrease occurred even though flow to the anterior papillary muscle in this group remained normal. The group with the highest frequency of myocardial hemorrhage and the highest values of posterior papillary muscle hemoglobin displayed the lowest levels of early reflow. Figure 5 illustrates the reflow measurements in the posterior papillary muscles of each group 5 minutes and 24 hours after reperfusion. Early reflow in the group reperfused after 2 hours is normal and exceeds 100 ml/min/100 g. Early reflow in the 6-hour group averaged 60.7 ml/min/100 g, which was not significantly less than that in the 2-hour group. The early reflow in the group reperfused after 24 hours of occlusion was markedly depressed, 5.8 + 2.2 ml/min/ 100 g. Twenty-four hours after reperfusion, the reflow values were markedly decreased in all three groups and were not statistically different between groups. In the 2-hour and 6-hour groups, reperfusion measured 5 minutes after release of the coronary ligature was not predictive of flow 24 hours later. In the group reperfused after 2 hours of occlusion, which had the lowest levels of myocardial hemoglobin, the reflow values 24 hours after reperfusion averaged 16 ± 6.2 ml/min/ 100 g. Thus, gross myocardial hemorrhage may occur with very low levels of initial reflow, and reflow values may be low 24 hours after reperfusion in the presence or the absence of myocardial hemorrhage.
Early Reflow Versus Reflow 24 Hours after Reperfusion
Discussion
There continues to be substantial disagreement concerning the potential benefits of reperfusion after acute 1027 VOL 67, No 5, MAY 1983 . Posterior papillary myocardial CK as a percentage of the corresponding anterior papillary muscle CK. There is marked depression in myocardial CK, indicating myocardial necrosis in allfour groups. The differences between the 6-hour and 24-hour groups vs the control and 2-hour groups were statistically significant (p < 0.05). coronary occlusion. When experimental coronary occlusion is maintained for more than 20 minutes, myocardial necrosis can result. Sommers and Jennings"7 studied histologic changes in the posterior papillary muscle, similar to the model used here, and showed that myocardial cells survived after periods of ischemia lasting as long as 18 minutes. If the occlusion was maintained for 20 minutes or more, some cells were irreversibly damaged. Almost all of the cells were dead if occlusion was maintained for 60 minutes. In other studies, limitation of infarct size with reperfusion 3 hours after coronary occlusion has been demonstrated using enzyme analysis, histologic examination and functional assessment.2' Although early improvement after reperfusion may not occur, there may be beneficial effects on left ventricular performance several days or weeks after reperfusion compared with that in animals with permanent coronary occlusion. Theroux et al.'8 showed the late return of segmental function and reduced tissue loss several weeks after coronary reperfusion and indicated that the usual time constraints for the occurrence of irreversible tissue damage may not apply to all of the myocardium in the ischemic zone.
Almost as many studies have been pessimistic about the benefits of reperfusion. Bresnahan et al.9 reported an increase in infarct size in seven of 16 dogs reperfused 5 hours after coronary occlusion, and others have demonstrated accelerated morphologic changes of ischemia,6 7 worsening metabolic measurements of ischemia7 and lethal ventricular dysrhythmias.S Many of the studies demonstrating the deleterious effects of reperfusion have also noted intramyocardial hemorrhage.
Capone and Most'°demonstrated gross myocardial hemorrhage in the pig after only 1 hour of coronary occlusion and subsequent reperfusion. Hemorrhagic infarction associated with reperfusion has also been described in man, particularly after prolonged cardiopulmonary bypass and intraoperative myocardial infarction.19 ' 20 Coronary artery bypass surgery in the setting of acute myocardial infarction is now associated with very low mortality and morbidity."'2' Reperfusion of acute infarcts may be achieved without coronary artery bypass surgery using streptokinase. This agent theoretically could aggravate hemorrhage upon reperfusion. 14 Because reperfusion in acute myocardial infarction may become more and more popular, further study of the phenomenon of hemorrhage upon reperfusion is needed. Initial work in this laboratory indicates that hemorrhage occurs only into tissue already markedly compromised before reperfusion.22 Although hemorrhage does not appear to expand the borders of the ischemic zone, it may aggravate ischemia within the compromised area. The present investigation extends these observations in an attempt to determine when reperfusion will cause myocardial hemorrhage and the flow characteristics that are most likely to accompany it. In this experimental model, 24 hours of permanent coronary occlusion resulted in microscopic hemorrhage, although we noted no significant gross hemorrhage. The subendocardium and, specifically, the posterior papillary muscle show very little microscopic hemorrhage, but there is mild hemorrhage in a middle zone outside the confines of the posterior papillary muscle.22 Reperfusion after 2 hours of coronary occlusion resulted in spotty hemorrhage to the tip of the posterior papillary muscles in half of the dogs with acute infarction. Reperfusion after 6 or 24 hours resulted in transmural infarction with severe myocardial hemorrhage. Reimer et al.23 24 called this transmural progression of necrosis "the wave front phenomenon." Irreversible ischemia occurs first in the subendocardium and spreads as a wave front toward the subepicardium over 6 hours. Hemorrhage on reperfusion also progresses from the endocardium to epicardium, but this wave front of microvascular injury moves more slowly and accounts for the fact that hemorrhage on reperfusion is always within the margins of the infarct. Other investigators have pointed out that hemorrhage on reperfusion invariably occurs within the boundaries of the infarct. 25 26 Myocardial hemorrhage on reperfusion is associated with profound necrosis assessed by myocardial CK measurements and microscopic analysis.22 CK measurements are greatly affected by flow through the ischemic zone, and washout in our study undoubtedly influenced the differences in CK content of the control and 2-hour occlusion groups compared with the 6-hour and 24-hour reperfusion groups. Detailed histologic studies using this experimental model have shown that reperfusion after 3 hours of ischemia produces an infarct smaller than permanent infarcts, and infarcts after 6 hours of ischemia are only slightly smaller than those produced by permanent occlusion. 24 We suggest that myocardial CK content is relatively high in the control occlusion group because CK is not washed out. The 2- hour group has a significantly higher myocardial CK content than the 6-hour and 24-hour groups because of tissue salvage associated with reperfusion after only 2 hours of occlusion. The low myocardial CK content in the 6-hour and 24-hour groups is due to severe myocardial necrosis coupled with CK washout. Severe myocardial necrosis does not identify a cause-and-effect relationship, in that severe necrosis may lead to hemorrhage or hemorrhage may augment myocardial necrosis. The measurement of collateral flow before reperfusion helped to clarify this problem. The severity of myocardial necrosis after coronary occlusion correlates with the extent of regional collateral circulation.27 In this study, all of the papillary muscles with gross hemorrhage had very marked decreases in collateral flow, indicating profound myocardial ischemia before the time of coronary reperfusion. It appears that hemorrhage occurs because of reperfusion into a microvascular system already severely compromised both functionally and anatomically.
Gross myocardial hemorrhage was associated with variable patterns of early reperfusion. Hemorrhage occurred with high levels of early reflow after 6 hours of occlusion, as well as with low initial reflows after 24 hours of ischemia. The severity of the no-reflow phenomenon in myocardial tissue depends on the duration of occlusion. 28 Willerson et al. 29 showed a significant decrease in reflow at 2 hours compared with reperfusion after 10 minutes of occlusion. This study indicates that the amount of early reflow is not critical in determining the severity of myocardial hemorrhage, and only small quantities are needed to create the phenomenon.
Early reflow measurements in the posterior papillary muscle did not indicate what flow would be 24 hours later. In all dogs analyzed, reflow values 24 hours after reperfusion were very low regardless of the presence of myocardial hemorrhage. Even in the group reperfused after 2 hours, which had the lowest incidence of myocardial hemorrhage, late reflow was markedly depressed compared with initial reflow values. This suggests that large reflows measured intraoperatively after bypass grafting for acute myocardial infarction may not reflect regional flows measured 24 hours later. Interstitial hemorrhage on reperfusion may well contribute to the depression of reflow 24 hours later. These observations were limited to the central core of the infarct and cannot be extrapolated to the marginal and potentially most salvageable regions. This phenomenon is not limited to the central core. White et al. 30 showed that flows measured 1 hour after reperfusion fall in the subendocardial region when measured 72 hours later. This occurred not only in the core (posterior papillary muscle), but also in the inner third of the left ventricular wall. This progressive noreflow phenomenon accompanied reperfusion after 2, 6 and 24 hours of occlusion.30
Regional myocardial blood flow was determined by the microsphere technique. The limitations of this technique have been well reviewed in the past.31 The risk of an inadequate number of microspheres per sample was minimized by injecting approximately 4.0 x 106 microspheres. The problem of arteriovenous shunting and streaming effects cannot be excluded. 1029 I . I VOL 67, No 5, MAY 1983 Microsphere loss over time does occur, but has only a small effect on low ischemic flows.32 Swelling of the infarcted region, edema fluid, inflammatory cells and hemorrhage occur and may lead to slight underestimation of flow and overestimation of CK depletion in the infarcted zone.24 With very low flow measurements, the absolute changes are small. Early in the study, one dog from each group had permanent occlusion of large epicardial collateral vessels. Posterior papillary ischemic flows and reflows in these dogs were the same as those in dogs without permanent epicardial collateral occlusions, and the results of the study were not different when these dogs were excluded. Jennings et al. I demonstrated that proximal circumflex occlusion results in uniform, complete necrosis of the posterior papillary muscle, which is undoubtedly why epicardial collateral occlusion had a negligible effect on ischemic flows and reflows in these four dogs. Therefore, these dogs were not excluded from the study.
One must use caution when extrapolating the results of experimental reperfusion to the clinical situation. In the dog model, with absence of other vessel involvement, the different mechanism of infarct production and the presence of different collateral networks, comparisons with man may be unwarranted. The phenomenon of myocardial hemorrhage with reperfusion is well described in man, and appears to occur when reperfusion is temporarily related to myocardial necrosis.20 With the knowledge that as many as 10% of aortocoronary bypass operations may be complicated by intraoperative myocardial infarction and that reperfusion in the setting of myocardial infarction is feasible and perhaps beneficial, this phenomenon will become increasingly relevant clinically.
We conclude that hemorrhage on reperfusion is directly related to the duration of coronary occlusion. It is associated with severe myocardial ischemia during occlusion and is accompanied by severe myocardial necrosis. Hemorrhage may occur with normal levels of reflow or in the presence of markedly depressed early reflow and may contribute to the progressive no-reflow phenomenon. With the advent of streptokinase reperfusion and bypass surgery in the face of acute myocardial infarction, further research into the possibility of preserving vascular integrity is essential. brinolysis suggests that a significant incidence of systemic fibrinolytic activity may also occur with the lower streptokinase dosage levels currently used with intracoronary infusion. Although initial reports suggest that significant alterations in coagulation variables are infrequent,', 2 only limited information is available regarding fibrinolytic effects with this therapy. We therefore studied the incidence of systemic fibrinolytic activity and the extent and duration of alteration of coagulation variables during intracoronary streptokinase infusion in patients with acute myocardial infarction or acute coronary insufficiency.
Materials and Methods
Intracoronary streptokinase infusion was performed in 26 patients during the acute phase of transmural myocardial infarction (24 patients) or acute coronary insufficiency (two patients) between May 1980 and
